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Globally numerous regions have been identified with elevated arsenic within
groundwater which can result in potential adverse health risks. In Ireland, a previous
national-scale research assessment of groundwater identified isolated clusters of
elevated arsenic and indicated that lithology was a major controlling factor on arsenic
in groundwater. Complementary comparisons of national-scale and regional-scale
groundwater assessments of arsenic are lacking in Europe when compared to other
global regions. The aims of this study were to demonstrate the value of a regional-scale
groundwater hydrochemistry dataset with an existing national-scale approach, describe
anomalies that can become the focus of attention for public health and economic
reasons, and to provide a wider context for arsenic in groundwater within Ireland
and Europe. Regional-scale data using 470 locations comprising 1,493 analyses
using several hydrochemical parameters (arsenic, pH, conductivity, iron, manganese,
sodium, potassium, calcium, magnesium, and total hardness) in south west Ireland
were integrated with geological, hydrogeological, and land use datasets. Statistical
analysis was performed using a combination of methods including score tests of
geological groups using an empirical cumulative distribution function plot in addition
to spatial analysis. Results revealed that hydrochemical parameters exhibited different
spatial clusters, which was generally associated with lithology. Arsenic was elevated
in sandstone derived bedrock. Weak correlation of arsenic with other hydrochemical
parameters were observed and redox-sensitive elements like manganese and iron
showed a greater diversity in spatial occurrence. This study has shown that the
variation of hydrochemical parameters are controlled by regional geology. Finally, the
paper focuses on anomalies identified by concentrations of individual ions or statistical
associations in the context of, for example, historical mineral exploration and mining in
the area and also discusses whether groundwater chemistry sampling on this scale can
assist in future mineral exploration, as well as guiding the future development of high
quality public and private water supplies.
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INTRODUCTION
Arsenic contamination of groundwater via geogenic processes
occurs in various locations globally with the most affected area
being documented within the Quaternary deltas of south east
Asia (Smedley and Kinniburgh, 2013). The health effects of
arsenic exposure are well known and include skin, lung, and
bladder cancer (Kapaj et al., 2006; Baris et al., 2016).
National-scale studies in the United States (US) by the US
Geological Survey (USGS; Focazio et al., 2000; Ryker, 2001,
2003; Welch et al., 2001; Lee and Helsel, 2005; Gronberg, 2011)
and others (Lockwood et al., 2004; Frederick et al., 2016) have
led to the generation of spatial distribution maps of arsenic in
groundwater. To fill the voids as a result of a national-scale
assessment approach, regional groundwater studies (especially
for areas with insufficient data, e.g., Mid-Atlantic states), have
been used to demonstrate arsenic contamination on greater
spatial scales (Sanders et al., 2012). These regional studies
incorporated in part or full, secondary data (or historical, and/or
ancillary data) including from areas of New England (Ayotte
et al., 2003, 2006, 2015; Ayotte, 2017), New Hampshire (Ayotte
et al., 2016; Andy et al., 2017), Maine (Yang et al., 2009, 2012),
Minnesota (Erickson and Barnes, 2005, 2006), Michigan (Meliker
et al., 2008), North Carolina (Kim et al., 2011; Sanders et al.,
2012), California (Ayotte et al., 2016), Texas (Gong et al., 2014),
New Mexico (Hoover et al., 2017), and Pennsylvania (Peters
and Burkert, 2008; Gross and Low, 2013). Similar studies have
been conducted in Canadian provinces including Nova Scotia
(Drummer et al., 2015; Kennedy and Drage, 2017), Saskatchewan
(McLeod et al., 2017), and New Brunswick (Klassen et al., 2009).
In Asia various prediction based models have been used in
numerous regions (Rodríguez-Lado et al., 2008, 2013; Winkel
et al., 2008).
Conversely in Europe there have been two (Greece
and Ireland) previous national-scale arsenic groundwater
assessments (Dokou et al., 2015; McGrory et al., 2017) with no
regional-scale assessments having occurred. Greater numbers of
national-scale assessments would assist in providing information
on the patterns and distribution of arsenic in groundwater
resources. This is a key consideration as the distribution of
arsenic in groundwater in Europe, with no characteristic pattern
occurring, when compared with Asia and South America
(Ravenscroft et al., 2009). In most European countries naturally
occurring arsenic is generally lower than the World Health
Organization (WHO) standard of 10 µg L−1 (Van Halem et al.,
2009).
Regional-scale assessments can complement national-scale
studies through assisting in the understanding of the potential
controls of arsenic by determining the distribution at a greater
scale. The presence of these regional datasets of arsenic within
Europe is expected to be high due to the greater intensity
of routine monitoring practices. These types of datasets have
been previously harnessed [e.g., in Ireland (McGrory et al.,
2017), Greece (Dokou et al., 2015), and for manganese in
Scotland (Homoncik et al., 2010)] for improved groundwater
management. While the use of geostatistical modeling can
be used with success for generating prediction maps, these
techniques suffer from limitations including data availability,
data quality, and local scale arsenic mobilization variations due
to complex groundwater flow paths (Ayotte et al., 2011; Bretzler
et al., 2017a). As outlined by Frederick et al. (2016), generally
when exploring potential relationships between elevated arsenic
and various explanatory variables two primary modeling
strategies can be used: logistic regression (e.g., Ayotte et al.,
2003; Winkel et al., 2008; Gross and Low, 2013; Bretzler et al.,
2017b), or decision tree analysis (Hossain and Piantanakulchai,
2013; Tesoriero et al., 2017). However, in this present study, an
alternative approach to these modeling techniques, previously
applied successfully by McGrory et al. (2017) which used similar
predictor variables in addition to detailed aqueous geochemistry
data that can potentially explain the spatial distribution of arsenic
in relation to groundwater controls (e.g., bedrock geology)
was utilized. A distinct advantage of this approach is that
some datasets, as is the case here, do not include well-depth
information and therefore can’t be analyzed using these other
modeling approaches which can integrate depth as a co-variate
in the model.
One potential drawback of utilizing these extensive and
valuable datasets is that they often encompass long term
monitoring data (i.e., datasets often span years to decades)
which can result in the presence of censored data, often with
different limits of detection (DL) due to advancements and
developments in instrumental and analytical technology over
time. This censored data is reported as being below the (DL,
i.e., data reported as < x µg L−1 where x is a numerical value
(McGrory et al., 2017). Numerous approaches have been adopted
to overcome these limitations, such as removal of censored
data (with resulting loss of information), censored data analysis
and/or substitution methods. These substitution methods (i.e.,
DL∗1/2) are the most commonly used for the assessment of
groundwater quality parameters at various spatial scales (Meliker
et al., 2008; Homoncik et al., 2010; Sanders et al., 2012; Gong
et al., 2014; Frederick et al., 2016; McLeod et al., 2017).
Surface geochemistry has been traditionally adopted for
geochemical exploration, but recently the use of groundwater
geochemistry data has been used as an alternative approach
as it is an important medium for exploration of many
different styles of mineralisation including porphyry copper,
volcanogenic massive sulfide (VWS), sandstone uranium, and
gold (Leybourne and Cameron, 2010). The advantage over
these surface geochemical methods in that it provides 3-
dimensional perspective of the area as groundwater recharges to
depth, which increases the likelihood of interaction with buried
mineralisation (Leybourne and Cameron, 2010). Groundwater
can be collected as a geochemical sampling medium and its
chemistry can be used to fingerprint groundwater-mineralisation
interactions with this approach leading to significant cost-
savings for the mineral exploration industry using existing
boreholes (de Caritat and Kirste, 2005). Incorporation of regional
and local hydrology for the interpretation of groundwater
geochemistry for geochemical exploration can assist in tracing
an anomaly back to its source (Carey et al., 2003; Gilliss
et al., 2004; Leybourne and Cameron, 2010). By evaluating
existing groundwater geochemical datasets, anomalies can be
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detected and evaluated as an initial geochemical exploration
tool.
Building upon previous work (McGrory et al., 2017) the
objectives of this current study were to (a) assess the spatial
distribution of arsenic (and other hydrochemical parameters
including iron, manganese, pH, etc.) within groundwater at a
regional-scale in relation to different geological, hydrogeological,
and land use categories, (b) identify if any correlations exist
between arsenic and other hydrochemical parameters (e.g.,
iron, manganese, pH, etc), (c) elucidate potentially controlling
factors of elevated arsenic in groundwater, and (d) compare
observations with a national-scale approach and past mining
activities.
METHODOLOGY
Study Area (County Kerry)
County Kerry is located in the southwest region of Ireland
and covers an area of 4,807 km2 (Figure 1) with a total
population of 145,502 (CSO, 2011). The topography of Kerry
includes mountains, lowlands and hills. The MacGillycuddy
Reeks (mid Kerry) are a high-relief massif which consists of
Devonian sandstones and shales (Anderson et al., 2000). Due
to the prevailing south-westerly winds and the mountainous
landscape, Kerry receives one of the highest amounts of rainfall in
Ireland. The landscape occurred as a result of large-scale folding,
faulting, and thrusting during the Variscan Orogeny (290 mya)
with the subsequent erosion by water and ice (Pracht, 1997).
Upper Carboniferous shales are located at the east and north,
while Lower Carboniferous limestones dominate western Kerry.
Silurian and Devonian sandstones are located within the south
and west with pockets of volcanic rocks scattered throughout
Kerry.
Borehole Design and Construction
The bedrock below the Republic of Ireland is ancient. All the
rocks are over 300million years old, and have undergonemultiple
phases of compression and deformation (Environmental
Protection Agency, 2013). The hard, unweathered bedrock does
not contain open pore spaces through which groundwater can
flow. As a result, groundwater flows through major and minor
joints, fractures or gaps in the bedrock. The bedrock aquifers
of Ireland are not aquifers in the classic sense. They are not
homogeneous porous media, but rather they are heterogeneous,
impermeable, and non-porous (Environmental Protection
Agency, 2013).
In the past, boreholes which were designed and constructed
in Ireland in order to maximize the flow of groundwater into
the borehole. The design of these old type boreholes resulted
in a blend of both shallow and deep groundwater flowing into
the borehole (Figure 2A). This often leads to these groundwater
supply sources being polluted by shallow groundwater. The
inadequacy of the old type boreholes has been realized. Amodern
borehole design is being adopted that deliberately excludes the
shallow, more easily contaminated groundwater and draws upon
only the deeper, less easily polluted groundwater (Figure 2B; IGI,
2007; Environmental Protection Agency, 2013). Unfortunately,
FIGURE 1 | Spatial distribution of monitoring locations in Kerry in relation to
the three datasets used in this study (where DWS, drinking water supplies;
WWGAs, well water grant applications; PWGS, public water groundwater
sources) and regions (where a = northern area of study site, b = Dingle
Peninsula, c = Iveragh Peninsula, and d = Beara Peninsula).
in Kerry, most drinking water supply boreholes in the past
have been constructed according to Figure 2A, and therefore for
this study it is presumed that many water samples could be a
blend of shallow and deeper groundwater. Water coming into
a borehole at a shallow level will usually have had a shorter
and more rapid travel path than water entering a borehole at
greater depth. Therefore, deeper groundwater will have had a
longer contact time with the rock and minerals exposed in
the sides of the fractures or conduits through which the water
has passed. The chemistry of groundwater changes with depth
and length of travel path. It is not possible to determine the
proportion of the water sample coming from different depths in
each borehole, because the geological and construction records
for the older type boreholes are either absent or less than
adequate. It is possible to retro-actively determine the proportion
of water entering boreholes at different depths if the producing
section hole is not lined or screened. However, this determination
involves different types of pumping tests, video camera surveys,
geophysical logging and depth sampling. This work could take
several days if not weeks for each borehole. This level of
investigation for over 400 boreholes in Kerry was beyond the
scope of either this study or the original local authority water
quality monitoring programme.
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FIGURE 2 | Graphical representation of an (A) older and (B) more modern borehole construction. The pumps in older boreholes are often too powerful and set deep.
These boreholes are usually pumped intensely for short periods. Groundwater cascades down the borehole from shallow levels to the pump. On the other hand more
modern boreholes have pumps set within the pump chamber casing. The pumps are usually operated gently and continuously. The deep groundwater flows to the
pump.
Data Description
As part of a national-scale assessment of arsenic in groundwater
in Ireland (McGrory et al., 2017), regional-scale datasets were
also collected, including one from Country Kerry. This dataset
in Kerry was composed of laboratory analyses (As, Fe, Mn, pH,
conductivity, Na, Ca, K, Mg, and total hardness) of samples
collected from routine monitoring of public and private water
supplies by local authority officials, and also laboratory analyses
submitted to Kerry County Council by private householders
when they applied for a government grant after they had
drilled and pumped a new water supply borehole. The Kerry
data set forms an amalgamation of three data sets; drinking
water supplies (DWSs), well water grant applications (WWGAs),
and public groundwater sources (PWGS), with the majority of
samples coming from private sources (Figure 1). Samples from
WWGAs dataset are spread throughout county Kerry and are
a good indicator of the extent of spatial variations in arsenic
concentration. Hydrochemical parameters in the dataset include
arsenic (As,µg L−1), iron (Fe,µg L−1), manganese (Mn,µg L−1),
hydrogen ion potential (pH, pH units), electrical conductivity
(EC, µS cm−1), sodium (Na, mg L−1), potassium (K, mg L−1),
calcium (Ca, mg L−1), magnesium (Mg, mg L−1), and total
hardness (TH as CaCO3, mg L−1). Other parameters were
sometimes measured (e.g., selenium, zinc, lead), but as these were
not always analyzed, they were not included in the overall analysis
and assessment, except where appropriate in order to inform the
interpretation and discussion of the results. In addition redox
potential and major anions were not measured.
The three datasets (DWS, WWGA, and PWGS) were
amalgamated to create a central database. Table 1 shows the
number of missing values for each of the parameters. For
example, at two of the monitoring sites, there were three analyses
for arsenic, which had no reportable Detection Limit for arsenic,
but had missing arsenic values. Both of these sites were removed
in addition to another site from the statistical analysis leaving
467 sites and 1,490 analyses. Further elaboration on removed
sites are described in Table S1 and Text 1 of the Supplementary
Information.
The local authority did not have hydrogeologists,
hydrochemists, or geochemists on their staff, or engage outside
expertise, to collect the groundwater samples, carry out analyses
of unstable physicochemical parameters at the well head, and
specify parameters to be analyzed in the laboratory. As a result,
this dataset is imperfect and less than ideal, but the fact that a
local authority conducted this sampling and analysis was a major
step forward, and the fact that this, albeit imperfect, groundwater
arsenic data set from the Atlantic coast exists is important for the
scientific community interested in arsenic in groundwater. While
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TABLE 1 | Site numbers for each variable (total sites 470).
Variable As pH Cond Fe Mn Na K Ca Mg TH
Number of sites 467 455 440 469 468 457 451 453 430 349
Sites with missing/removed values 3 15 30 1 2 13 19 17 40 121
the authors were not involved in the sampling design or analysis
of this dataset, the paper is an attempt to show what can be done
successfully with such an imperfect dataset, and also shows that
with such a dataset some interpretation techniques are of limited
value. The paper shows, in effect, the limitations that such a
sampling methodology and suite of analysis parameters impose
on the interpretation.
Groundwater Sampling and Analysis
Groundwater samples were either collected from taps or in some
instance’s samples were taken from the borehole directly. Samples
were filtered (0.45µm) if they were highly turbid and were
analyzed using an Agilent 7500 ce series inductively coupled
plasma—mass spectrometer (ICP-MS; Agilent Technologies,
Japan) using USEPA method 200.8 (1999). Data was collected
from 2004 to 2012 (DWS, 2004–2012; WWGA, 2006–2012;
PWGS, 2004–2011) and is a combination of individual 1,493
analyses from 470 locations (DWS, 833; WWGA, 613; PWGS,
47) with the number of analyses at each site ranged from 1 to 39.
Information relating to borehole design and construction were
not investigated during the sampling programme.
Groundwater Sampling and Analysis
Groundwater samples were either collected from taps or in
some instance’s samples were taken from the borehole directly.
Samples were filtered (0.45µm) if they were highly turbid and
were analyzed using an Agilent 7500 series inductively coupled
plasma—mass spectrometer (ICP-MS; Agilent Technologies,
Japan). Data was collected from 2004 to 2012 (DWS, 2004–2012;
WWGA, 2006–2012; PWGS, 2004–2011) and is a combination
of individual 1,493 analyses from 470 locations (DWS, 833;
WWGA, 613; PWGS, 47) with the number of analyses at each
site ranged from 1 to 39. Information pertaining to borehole
construction were not recorded during sampling.
Explanatory Variables
Aqueous geochemical data were incorporated into a geographical
information system (GIS), where geological data was integrated
using a spatial join. Data included Geological Survey Ireland
(GSI) databases: “National Generalized Bedrock Map (Rock
Unit Group),” “Bedrock Aquifer,” “Groundwater Vulnerability,”
“1:100,000 Bedrock Geology”, and “Quaternary (Sediments)”
maps. The 27 rock unit groups (RUGs) of the “National
Generalized Bedrock (Rock Unit Group)” are classified based
on differing water-flow characteristics (Geological Survey of
Ireland, 2005; Bruen, 2009). However, in order to reduce the
complexity and have adequate sample numbers per classification,
the RUGs were reduced from 27 to 11 classifications for the
generation of a new parameter (i.e., rock type) as per McGrory
et al. (2017) and Zhang et al. (2008a). The database of “Bedrock
Aquifer” has nine classifications delineated using hydrogeological
data and RUG information (DELG/EPA/GSI, 1999; Fitzsimons
et al., 2005). However, only a subset of these classifications
were used in this study due to the regional nature of the study
site. The “Groundwater Vulnerability” database characterizes the
risk of contamination of groundwater by polluting activities
and is based on the classification according to DELG/EPA/GSI
(1999). For each site, land cover was derived in this study
in the form of the updated CORINE land cover (CLC 2012)
databases (Lydon and Smith, 2014). Inclusion of the 1:500,000
“Quaternary (Sediments)” GIS layer was included to assist in
linking Quaternary deposits to arsenic concentrations (Meehan,
2013; Meehan et al., 2014). Tables S2–S7 show rock type, aquifer,
groundwater vulnerability, rock, quaternary, and CORINE land
cover data for the study area For the CORINE dataset there
are three levels of detail, Level 1, 2, and 3 were specified as
CORINE (L1), CORINE (L2), and CORINE (L3), respectively.
Maps showing these databases with groundwater monitoring
points are illustrated in Figures S1–S6.
Statistical Analysis
Due to the presence of multiple analyses at some locations,
the maximum value recorded for each parameter was utilized
(i.e., on a worst-case scenario basis; Kim et al., 2011; McGrory
et al., 2017). In order to determine the statistical relationship
between hydrochemical and explanatory variables, the empirical
cumulative distribution function (ECDF) was computed for
censored data using the Kaplan-Meier method (Helsel, 2012). To
determine if statistically significant differences existed between
the distribution functions of the hydrochemical parameters in
the different geological and hydrogeological groups, a score test
was performed using the NADA1 package (Lee, 2017) in the
statistical environment R (R Development Core Team, 2017).
In order to account for the differences between the aqueous
parameters across different groups pairwise comparisons using a
Bonferroni correction was performed. Groupings with <5 sites,
e.g., Basalt (n = 2) for arsenic rock type, were removed prior
to forming the descriptive ECDF plots and applying the score
tests. More detailed information in relation to sample number
and removed groupings for explanatory variables can be observed
in Tables S8–S15.
Figures were plotted with regulatory values: groundwater
threshold value for arsenic (7.5 µg L−1) (European
Communities, 2010), indicator parameters for pH, conductivity,
sodium, manganese and iron (6.5–9.5 pH units, 2,500 µS
cm−1, 200mg L−1, 50 µg L−1 and 200 µg L−1 respectively;
1Version 1.6-1. https://cran.r-project.org/web/packages/NADA/index.html
(Accessed December 26, 2017).
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European Communities, 2007, 2014), interim guideline values
for potassium, magnesium, calcium, and total hardness (as
CaCO3) (5mg L−1, 50mg L−1, 200mg L−1, and 200mg L−1
respectively; Environmental Protection Agency, 2003). While the
GTV for arsenic is 7.5 µg L−1 its parametric value is 10 µg L−1
(European Communities, 2014).
A correlation analysis was performed to ascertain if any
relationship of arsenic and other hydrochemical parameters were
present. For censored correlation analysis either one value is
censored (singly censored) or both values in the observation pair
are censored (doubly censored; Helsel, 2012) and a combination
of both singly and doubly censored data was present within this
dataset (except for conductivity and pH). Due to the presence
of multiple DLs, the non-parametric correlation coefficient
Kendall’s tau (τ ) was used to determine the strength of the
monotonic relationship between two variables, x and y (Helsel
and Hirsch, 2002; Helsel, 2012) using the cenken function in the
NADA package (Lee, 2017). The highest value at each site was
used for the correlation, however, when there was a tie for the
highest value (i.e., 3 analyses within the same site had the same
highest value for arsenic), with a differing y value (i.e., iron)
then all of these tied values were included as repeated measures.
In the instance where the maximum arsenic concentration had
a missing value (NA) for the other variable (e.g., NA calcium
value), then the next available pair was included for which arsenic
value is maximized within those available pairs.
Interval Mapping
Interval mapping of each hydrochemical parameter was
generated using a system of five classes (the class division
depended on the parameter being investigated) using ArcGIS R©
10.2 (ESRI R©, Colorado) in Irish National Grid (1965 Datum;
McGrory et al., 2017).
Hot-Spot Analysis
In order to identify spatial clusters and outliers, the hot-spot
analysis technique of Local Indicator of Spatial Association
(LISA) or Local Moran’s I statistic, a class of local statistics,
was performed. This technique can be used to address outliers,
locate spatial associations, and identify local clusters (i.e., high
value clusters; Anselin, 1995, 1996). A 1-sample Kolmogorov-
Smirnov (K-S) non-parametric test for normality was performed
in addition to a normal score transformation to each parameter.
Following this, a Local Moran’s I cluster map was created
in GeoDa
TM
1.4.6 using a threshold distance of 10 km at a
significance level of 0.05 (999 permutations; Anselin et al., 2006)
with the resulting shapefile being analyzed in ArcGIS R© 10.2
(ESRI R©, Colorado) in Irish National Grid (1965 Datum). The
threshold distance of 10 km was used based on a variogram
computed as part of the national-scale assessment of arsenic
in groundwater (McGrory et al., 2017). To briefly explain
the designations of the hot-spot analysis, when a positive
value results from an autocorrelation then these locations have
similarly high or low values as its neighbors which are termed
spatial clusters then this site is defined as high-high (i.e., high
values in a high value neighborhood) or low-low (i.e., low
values in a low value neighborhood; Zhang et al., 2008b). In
comparison, a negative autocorrelation results in a spatial outlier
which is categorized as either low-high (a low value in a high
value neighborhood) or high-low (a high value in a low value
neighborhood; Zhang et al., 2008b).
RESULTS
Interval Mapping
Interval mapping of groundwater quality parameters are
illustrated in Figure 3 (and Figures S7A–I) with the
corresponding number of values per classification illustrated
in Table 2. The majority of sites exhibited concentrations that
are below the guideline values for most parameters. Manganese
and iron were observed to be above the indicator values and
showed a greater spatial distribution when compared to arsenic
for a higher proportion of sites for a higher proportion of sites
with both elements showing a greater spatial distribution when
compared to arsenic which may result from greater variation
in lithology. Widespread elevated concentration of manganese
(>50 µg L−1) and iron (>200 µg L−1) occur around Kerry with
concentrations reaching a maximum of 9,987 µg L−1 and 24,180
µg L−1, respectively. A distinct spatial cluster of elevated arsenic
occurred in-between the Dingle Peninsula and Beara Peninsula
(Figure 3). Within this location of elevated arsenic the pH is
at a neutral to alkaline range. To the north of the study area
there are smaller clusters with elevated arsenic concentrations.
FIGURE 3 | Spatial distribution of arsenic divided into five intervals.
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TABLE 2 | Number of sites per interval classification (refer to Figure 3 for classification).
Classification As pH Cond Fe Mn Na K Ca Mg TH
1 311 124 361 181 201 404 227 303 392 145
2 134 243 73 74 43 45 200 111 23 119
3 5 58 4 120 123 6 14 27 10 61
4 16 20 1 87 43 1 8 11 1 18
5 1 10 1 7 58 1 2 1 4 6
Other parameters such as conductivity, sodium, and magnesium
exhibit similar spatial patterns to calcium and total hardness (i.e.,
similar low and elevated locations), while potassium exhibits a
distinct spatial pattern.
Hot-Spot Analysis
Hot-spot analysis of groundwater quality parameters are
illustrated in Figure 4with Table 3 (and Figures S8A–I) showing
the corresponding number of values per classification. In this
study, the hot-spot analysis revealed that most locations are
defined as not-significant groups that do not contribute to spatial
outliers or clusters. Generally, in the study area, there is a
greater presence of spatial clusters rather than spatial outliers,
and in north Kerry a high-high spatial cluster occurred for
conductivity, sodium, potassium, calcium, magnesium, and total
hardness. Additionally another large spatial cluster is present
within the Iveragh Peninsula as a low-low cluster for the previous
parameters. However, this spatial cluster is less defined for
calcium and total hardness.
Arsenic also presents the greater number of spatial outliers
within the dataset as either low-high or high-low. Within the
north of the study area high-low spatial outliers are present,
while to the south (Beara Peninsula) there is a group of low-high
spatial outliers within a group of high-high spatial clusters. The
majority of the arsenic high-high groups are contained within
this cluster. To the east there is also a group of high-high pH
values andmanganese values to the west. There are no iron spatial
clusters within this high-high pH area, but present in the north
of the study area. The low-low arsenic spatial cluster is contained
within the east of Kerry, with this locality containing a high-high
manganese cluster.
Geological Constraints on Groundwater
Parameters
Arsenic
Arsenic ECDF plots for rock type, aquifer, vulnerability, rock,
quaternary, CORINE (L1), CORINE (L2), and CORINE (L3) are
illustrated in Figures 5A–J. The observations give evidence to
suggest distributions of arsenic concentration in groundwater
differ across rock types (p ≈ 0.000) with pairwise comparisons
indicating statistically significant differences between Sandstone
(ORS/NRS) and Sandstone (p = 0.0403) and between Sandstone
(ORS/NRS) and Sandstone/Shale (p = 0.0203). While some
differences were observed between Pure Limestone and the
groups Sandstone/Shale, Sandstone, and Sandstone (ORS/NRS)
these differences are not statistically significant. Figure 4D
presents the ECDFs for the more detailed categorization of
FIGURE 4 | Hot-spot distribution of arsenic.
rock, while Figures 4E,F, provide additional ECDFs for the
contrasts of rock types found statistically significant (i.e., between
Sandstone (ORS/NRS) and Sandstone/Shale, and between
Sandstone (ORS/NRS) and Sandstone). This was repeated where
appropriate for the other parameters and presented in the SI.
Pairwise comparisons show that differences exist between the
groups NAM and CH (p≈ 0.000).
The distributions of arsenic concentration differ across the
quaternary groupings (p ≈ 0.000) with pairwise comparisons
showing that differences exist between the groups of TNSSs and
Rck (p = 0.002), between TNSSs and TDSs (p = 0.012), between
Urban and TLPSsS (p= 0.003) and between Urban and TNSSs (p
= 0.001).
There is evidence the distributions of arsenic concentration
differ across aquifer groupings (p = 0.016) with pairwise
comparisons showing differences between the groups Pl and Ll
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TABLE 3 | Number of sites per hot-spot classification (where NS, not-significant; HH, high-high; LL, low-low; LH, low-high; and HL, high-low).
Classification As pH Cond Fe Mn Na K Ca Mg TH
NS 259 325 290 385 293 242 287 298 264 263
HH 64 42 52 21 66 80 47 42 67 36
LL 60 47 59 25 51 87 68 56 46 25
LH 41 19 10 20 42 11 18 21 33 11
HL 43 22 29 18 16 37 31 36 20 14
(p = 0.020). Generally more elevated concentrations of arsenic
were observed in the group Ll. For groundwater vulnerability
groupings the distributions of arsenic concentration also differ (p
= 0.005), with pairwise comparisons illustrating differences exist
between the groups X and E (p = 0.022), between X and H (p =
0.040), and between X and M (p= 0.007).
For CORINE land cover, three levels of categorization
were investigated depending on their detail, CORINE (L1),
CORINE (L2), and CORINE (L3). The distributions of arsenic
concentration differ across the CORINE (L1) groupings (p =
0.004) with pairwise comparisons showing differences between
Agricultural Areas and Wetlands (p = 0.036). The further
detailed categorization of CORINE (L2) pairwise comparisons
showed differences exist between the groups Urban Fabric and
Pastures (p = 0.038), between Pastures and Heterogeneous
Agricultural Areas (p = 0.002), and between Pastures and
Inland Wetlands (p = 0.005). For CORINE (L3) groupings,
pairwise comparisons showed differences between groups
Pastures and Land Principally Occupied by Agricultures (p
= 0.006), and between groups Pastures and Peat Bogs (p =
0.004).
pH
pH ECDF plots for rock type, aquifer, vulnerability, rock,
quaternary, CORINE (L1), CORINE (L2), and CORINE (L3)
are illustrated in Figures S9A–H. The data gave no evidence
to suggest the distribution of pH differ across rock types, or
across aquifer groupings, or between groundwater vulnerability
groupings. For rock groupings, the observations give no evidence
to suggest the distributions of pH differ, however pairwise
comparisons highlighted a difference between the groups SF and
CH (p= 0.048). The distributions of pH differ across the different
quaternary groupings (p = 0.014) with pairwise comparisons
showing that statistical differences exist between the groups
Urban and TDSs (p = 0.015) and between Urban and TNSSs (p
= 0.006). The distribution of pH did not differ across any of the
CORINE groupings.
Electrical Conductivity
Electrical conductivity ECDF plots for rock type, aquifer,
vulnerability, rock, quaternary, CORINE (L1), CORINE (L2),
and CORINE (L3) are illustrated in Figures S10A–K. The
distributions of electrical conductivity differ across rock type
(p ≈ 0.000) with pairwise comparisons indicating statistically
significant differences between Pure Limestone and Sandstone (p
≈ 0.000), between Pure Limestone and Sandstone (ORS/NRS; p
≈ 0.000), and between Pure Limestone and Sandstone/Shale (p≈
0.000). The distribution of electrical conductivity differ across the
different rock groupings (p ≈ 0.000) with pairwise comparisons
showing statistical differences between the groups of BJ and GH
(p ≈ 0.000), BJ and SHG (p ≈ 0.000), BJ and VIS (p ≈ 0.000),
BJ and WA (p ≈ 0.000), BM and GH (p = 0.019), BM and SHG
(p = 0.011), BM and VIS (p = 0.009), BM and WA (p = 0.043),
CA and GH (p = 0.007), CA and VIS (p = 0.006), CA and WA
(p = 0.016), CF and GH (p 0.015), CH and GH (p ≈ 0.000), CH
and SHG (p = 0.001), CH and VIS (p ≈ 0.000), CH and WA (p
≈ 0.000), FS and GH (p ≈ 0.000), FS and SHG (p = 0.011), FS
and VIS (p ≈ 0.000), FS and WA (p = 0.006), GC and GH (p ≈
0.000), GC and SHG (p = 0.003), GC and VIS (p ≈ 0.000), GC
and WA (p = 0.001), GH and NAM (p ≈ 0.000), GH and VS (p
≈ 0.000), NAM and SHG (p≈ 0.000), NAM and VIS (p≈ 0.000),
NAM andWA (p≈ 0.000), SF andVIS (p= 0.020), SF andWA (p
= 0.021), SHG and VS (p = 0.003), VIS and VS (p ≈ 0.000), and
between VS and WA (p ≈ 0.000). The distributions of electrical
conductivity differ across the quaternary groupings (p = 0.004)
with pairwise comparisons showing a difference between TNSSs
and TDSs (p= 0.025).
For aquifer groupings the distributions of electrical
conductivity differ (p ≈ 0.000) with pairwise comparisons
showing differences between Rkd and Ll (p≈ 0.000) and between
Rkd and Pl (p ≈ 0.000). Groundwater vulnerability groupings
also show significant differences in electrical conductivity (p ≈
0.000) with pairwise comparisons showing differences between
L and E (p ≈ 0.000), and between L and X (p = 0.025). The
observations give no evidence of any differences in conductivity
across any of the three CORINE groupings.
Iron
Iron ECDF plots for rock type, aquifer, vulnerability, rock,
quaternary, CORINE (L1), CORINE (L2), and CORINE (L3)
are presented in Figures S11A–H. The distributions of iron
concentration do not differ across rock type groupings and across
rock groupings, nor across aquifer groupings, groundwater
vulnerability groupings, or any of the three CORINE groupings.
While there was evidence to suggest the distribution of
iron concentrations differ across the different quaternary
groupings (p = 0.026), however in the global test, pairwise
comparisons applying the correction for multiple testing showed
no differences between pairs of groups.
Manganese
Manganese ECDF plots for rock type, aquifer, vulnerability, rock,
quaternary, CORINE (L1), CORINE (L2), and CORINE (L3) are
illustrated in Figures S12A–I. For rock types the distributions
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FIGURE 5 | ECDF plot displaying the empirical distribution function of arsenic in relation to (A) rock type, (B) aquifer, (C) groundwater vulnerability, (D) rock, (E) rock
(SS(ON) and SSH), (F) rock (SS(ON) and SS), (G) quaternary, (H) CORINE(L1), (I) CORINE(L2), and (J) CORINE(L3). The arsenic GTV value of 7.5 µg L−1 is
represented as a black vertical line.
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of manganese concentration differ (p ≈ 0.000) with pairwise
comparisons indicating differences between Sandstone/Shale and
Sandstone (ORS/NRS; p= 0.001). The distribution of manganese
concentrations differ across rock groupings (p = 0.001) with
pairwise comparisons mainly showing differences between BM
and other categories of rock, i.e., between BM and BJ (p= 0.029),
BM and CCG (p ≈ 0.000), BM and CF (p = 0.006), BM and
FS (p = 0.003), BM and GN (p ≈ 0.000), BM and NAM (p
= 0.015), BM and SF (p = 0.037), BM and SHG (p ≈ 0.000),
BM and SL (p = 0.040) and between BM and VS (p = 0.010).
The distributions of manganese concentrations also differ across
quaternary groupings (p = 0.002) with pairwise comparisons
indicating differences between the TNSSs and TDSs (p= 0.011).
The observations give no evidence to suggest distributions of
manganese concentrations differ across aquifer groupings and
groundwater vulnerability groupings
For CORINE (L1) and CORINE (L2) groupings, there is no
evidence of a difference in manganese concentration, however
significant differences are found when looking at CORINE
(L3) groupings (p = 0.027), in specifically between groups
Pastures and Broad-Leaved Forest as shown from the pairwise
comparisons (p= 0.015).
Major Cations
To maintain brevity of this section, the statistical results of the
pairwise comparisons incorporating both text and ECDFs of the
major cations (Na, K, Ca, Mg, and total hardness) have been
moved to the SI. The associated sections for each major cation
parameter included in the SI are: Na (Text 2, Figures S13A–K),
K (Text 3, Figures S14A–L), Ca (Text 4, Figures S15A–K),
Mg (Text 5, Figures S16A–I), and total hardness (Text 6,
Figures S17A–J).
Correlation of Arsenic With Other Variables
Table 4 displays the correlation of arsenic with other
hydrochemical variables with an example of the correlation plot
of arsenic (with pH and manganese) provided in Figures 6A,B
which highlights the presence of censoring. Arsenic displays
weak positive correlations with the other hydrochemical
parameters (except for potassium), showing no correlation, at
the 0.05 significance level. In addition, weak correlations are
also observed between other the trace metals (i.e., iron and
manganese) and the hydrochemical parameters. Interestingly,
only a very weak correlation is observed between iron and
pH (−0.02), manganese and pH (−0.05) while for iron and
manganese evidence of a correlation exists (0.30). pH is a
dominant mechanism for the mobility of iron and manganese
in groundwater. Redox potential (Eh) also plays a critical
role in iron and manganese mobility, but was not available in
this present dataset. In contract to the trace metals, a weak
to moderate positive correlation exists between conductivity,
calcium, sodium, and magnesium.
One feature to comment upon is the fact that Kendall’s tau is
generally 0.15 lower than Spearman’s rho and Pearson’s r given
the same strength of correlation as it is measured on a different
scale (Helsel and Hirsch, 2002).
DISCUSSION
Source of Arsenic: Geogenic or
Anthropogenic?
Lithology
The primary rock type associated with elevated concentrations
of arsenic in groundwater in this regional study were sandstone
derived rocks, which was also previously observed from a
national scale assessment of arsenic in groundwater in Ireland
(McGrory et al., 2017). The national-scale assessment indicated
that elevated concentrations of arsenic were primarily associated
with the sandstone derived rock type of Sandstone/Shale
(Greywacke; McGrory et al., 2017), but in the present regional
study this rock type was not statistically significant with regards
to arsenic distribution in groundwater (however, it is worth
noting that it had a low sample number). Elsewhere, elevated
arsenic concentrations have been recorded in fractured bedrock
aquifers within calcareous metasedimentary bedrock (Ayotte
et al., 2003 and 2006) similar to the sandstone derived rock
type [Sandstone/Shale (Greywacke)]. While a difference was
observed in arsenic levels from wells in Pure Limestone and these
sandstone rock types, it was not statistically significant at the 5%
significance level and it is worth noting that a vast abundance
of different sandstone derived lithologies occur in this region of
Ireland, i.e., Old Red Sandstones (Fay et al., 2007; Figure S1).
Furthermore, lower concentrations of arsenic in sandstone rocks
TABLE 4 | Correlation matrix of water quality parameters (all correlation coefficients denoted by * are not significant at the 5% significance level).
Variable As pH Cond Fe Mn Na K Ca Mg
pH 0.16
Cond 0.18 0.36
Fe 0.13 −0.02* 0.03*
Mn 0.12 −0.05 0.07 0.3
Na 0.13 0.22 0.53 −0.02* 0.0*
K 0.04* 0.04* 0.27 0.14 0.15 0.19
Ca 0.15 0.25 0.25 0.17 0.17 0.19 0.37
Mg 0.16 0.29 0.29 0.13 0.18 0.4 0.4 0.45
TH 0.14 0.31 0.31 0.13 0.15 0.2 0.36 0.65 0.52
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FIGURE 6 | Correlation plot of arsenic (A) and pH (6.5, 9.5) and (B) Mn (50 µg L−1). Values in parenthesis are water quality standard values. Where AsCens is
censored values for arsenic, BothCens are both values censored and none indicates no censoring.
reflect the predominance of low-arsenic minerals (i.e., feldspar
and quartz) in this rock type (Smedley and Kinniburgh, 2013).
The present study illustrates that favorable geochemical
conditions for arsenic mobilization may exist within the
Devonian rock type Sandstone (ORS/NRS). Similarly,
groundwater from the Devonian Old Red Sandstones of
the Welsh borders (Shand et al., 2003), South Wales (Moreau
et al., 2004) and the Moray Firth and Strathmore in Scotland
(Ó Dochartaigh et al., 2006, 2010) exhibited elevated arsenic
concentrations. Frequently Old Red Sandstones often produce
groundwater that contain high concentrations of iron and
manganese in Ireland (Sleeman and Pracht, 1999).
Groundwater from the Caha Mountain Formation, which
is derived from the Devonian Sandstones (TDSs, Quaternary)
exhibited elevated arsenic concentrations. This high arsenic
cluster is located on the northern margin of the south Munster
Basin, a boundary extending from south Cork to Kenmare (north
of Beara Peninsula). The Caha Mountain Formation lies south of
the Beara Peninsula where groundwater contains elevated arsenic
which may also extend into other regions of the Peninsula,
including County Cork. While a relationship exists between
arsenic in groundwater and the surrounding lithology, it shows
a weak correlation amongst other hydrochemical parameters
which has also been observed elsewhere (Ayotte et al., 2003;
Liesch et al., 2015).
Similarly groundwater of the poorly exposed Namurian
(Undifferentiated) Formation, included within the
Sandstone/Shale rock type, also contained elevated
concentrations of arsenic. This Namurian Formation contains
bedrock strata which include black shales (Sevastopulo, 2009)
which have been demonstrated to give rise to elevated arsenic
in groundwater (Peters and Burkert, 2008; Ryan et al., 2015;
Rddad, 2017) due to the presence of pyrite (Paikaray, 2012).
Black shales can also be enriched in other redox-sensitive
elements, e.g., selenium and uranium. To the north of this
Namurian Formation (within the Sandstone/Shale rock type),
concentrations of molybdenum and selenium (68–155mg
kg−1 and 16–42mg kg−1, respectively) are elevated within the
bedrock while arsenic concentrations (17–29mg kg−1) remain
somewhat elevated (Parnell et al., 2016). The highest values
of molybdenum and selenium in these shales in Kerry were
recorded in Ballybunion (Parnell et al., 2016), but in the present
study groundwater concentrations here were<7.5µg L−1. Given
that there are some localities within the Sandstone/Shale rock
type that have elevated arsenic, manganese and to a lesser extent
iron, further research is required to evaluate if other redox-
sensitive elements (i.e., molybdenum, selenium, and uranium)
are of concern in groundwaters. Similar spatial patterns can
be observed with rock types for arsenic and manganese [i.e.,
Sandstone (ORS/NRS) and Sandstone/Shale]. Given that shale
(i.e., Sandstone/Shale) contain elevated arsenic the potential
for arsenic mobilization to groundwater through oxidation of
sulfide minerals remains a possible mechanism (Ravenscroft
et al., 2009). Further details of arsenic interval mapping overlain
with rock lithology are presented in Figure S18.
It is noteworthy that while no differences were observed in
groundwater iron across the different rock types, manganese
concentrations were significantly different between Sandstone
(ORS/NRS) and Sandstone/Shale indicating the possible role of
manganese oxyhydroxides in arsenic mobilization. The overall
correlation between these elements was weak, but some similar
spatial clusters of arsenic, manganese and pH occurred in
southern Kerry. While the spatial pattern of arsenic is clustered
around small high-high clusters, both iron and manganese
exhibited a greater spatial diversity.
Aquifer Classification
Generally more elevated arsenic concentrations were observed
within the aquifer classification Ll and the groundwater
vulnerability classification E (extreme), H (high), and
M (medium). It is possible that local contamination of
anthropogenic origin may reflect the high concentrations in
these groundwater vulnerability groups. The Ll classification
is a poorly productive aquifer (PPA) that is only moderately
productive in local zones and is associated with the Sandstone
(ORS/NRS) group, as well as igneous, metamorphic, carbonate,
and other clastic rock types across Ireland. This aquifer
classification has also been found to contain elevated arsenic on
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a national-scale study in Ireland (McGrory et al., 2017). Some of
these Devonian aquifers are fractured enough to have developed
some permeability, however, this is not to an extent to be
classified as regionally important aquifers (Pracht, 1997). Recent
research has demonstrated that fractured bedrock aquifers give
rise to elevated concentrations of arsenic (Bondu et al., 2016)
and other trace metals in groundwaters in the US, Canada,
Africa, France, Italy, Greece, and certain regions in Asia (Ayotte
et al., 2003, 2006; Smedley et al., 2007; Verplanck et al., 2008;
Ryan et al., 2011, 2015; Drummer et al., 2015; Reyes et al., 2015;
Zkeri et al., 2015; Andy et al., 2017). In Ireland, these hard rock
aquifers, or poorly productive aquifers (PPA) underlie 60% of the
country (Robins and Misstear, 2000) and provide an important
water source for farms, houses, small housing estates, hotels, and
small businesses. Despite not being regarded as sources for large
public water supplies, they are important for small public and
public group supply schemes, and in terms of delivering water
(and associated pollutants) via shallow groundwater pathways.
Land Use Categories
In New England variations in arsenic concentrations in
groundwater occur across the different land use categories
with the most variation being found in agriculture which
was attributed to the use of arsenical-based pesticides (Ayotte
et al., 1999). Historically in Ireland, arsenic based compounds
have been used as wood preservatives, herbicides, and biocides
(insecticides and rodenticides) with arsenic enriched soils in old
orchards (FSAI, 2016). In the present study, while the agricultural
(pastures and arable land) groups display significantly different
levels of arsenic in their associated groundwater, it is not
anticipated that anthropogenic activities such as the application
of pesticides, resulted in the arsenic variation by land use (despite
being an agricultural intensive area), but rather a function of the
underlying lithology, i.e., the parent material. Spatial patterns of
rock type and quaternary groups occur within these same area
of statistically significant land use categories. For example, the
Agriculture Areas group (including Pastures) toward the north
of the study area coincides with Sandstone/Shale rock types,
quaternary groupings, and TNSSs. To the south and west the
land use categoryWetlands (including InlandWetlands and Peat
Bogs) is overlies Sandstone (ORS/NRS) and quaternary grouping
Rck and TDSs. It is therefore plausible that the weathered parent
material is responsible for controlling arsenic in groundwater
which is evident from the pairwise comparisons. The Namurian
derived tills (TNSSs), Sandstone/Shale, and Pastures to the north
and the TDSs and Rck, Sandstone (ORS/NRS) and Wetlands to
the south and west had elevated concentrations of arsenic.
Another possible explanation could be the triggering of
a release of geogenic arsenic via agricultural practices (i.e.,
nutrients) specifically the potentially critical risk factor being
the presence of Peat Bogs which coincides with Sandstone
(ORS/NRS). Reductive dissolution of iron oxyhydroxides
influenced by a strong redox driver, i.e., organic matter, can
release arsenic upon reduction of the ferrous state (Ravenscroft
et al., 2009). The presence of peaty layers is a suitable risk factor
for arsenic mobilization (Ravenscroft, 2007). These peaty layers
around Kerry coincide with arsenic concentrations in soil at
<6mg kg−1 (Fay et al., 2007). Although these peaty layers could
provide organic matter to drive reductive dissolution of iron
oxyhydroxides within this locality, further investigations are
required in order to corroborate these preliminary observations.
Other redox sensitive elements like manganese are also generally
present alongside arsenic in groundwater in this area, while
groundwater pH generally shows an alkaline relationship, but
little overlap was observed in relation to iron. In addition to
arsenic the hydrochemical parameters manganese, sodium,
and potassium (and to a lesser degree total hardness) showed
differences in land use categories.
The weaker relationship between arsenic in groundwater and
land use categories in comparison to lithology may be as a
result of comparing historic land use data and current water
quality data as groundwater may have traveled a distance from
the land use category that initially affected the water quality
(Ayotte et al., 1999). As a result locations with elevated arsenic
concentrations in groundwater originating from a specific land
use category could now occur and be sampled in a different
land use category elsewhere (Ayotte et al., 1999; Liesch et al.,
2015). This weaker relationship between arsenic and land use
may be a result of the use of agricultural based compounds,
due to bias in areas requiring pesticide application. Manganese,
sodium, and potassium also showed a relationship with land
use cover with differing groups observed. Potassium can be
found in some macronutrient fertilizes such as N-P-K (nitrogen,
phosphorous, and potassium). Groundwater characterization in
Germany found that arsenic also showed a statistically significant
difference with land-use classification and hydrogeological units
(Liesch et al., 2015) but like the present study no statistical
difference in regards to land-use for iron, manganese (for some
categories) and pH occurred, while a statistical difference existed
for calcium and magnesium (Liesch et al., 2015). In non-
carbonate areas, such as the ORS/NRS areas in Kerry agricultural
land can be limed, i.e., with calcium and magnesium.
Groundwater Vulnerability
On a national-scale in Ireland, arsenic was not related to
groundwater vulnerability (McGrory et al., 2017), but the present
regional-scale study observed that differences occurred (X and E,
X and H, and X and M). Areas of high or extreme groundwater
vulnerability could be susceptible to surface contamination (i.e.,
historical pesticide application) with contaminant properties,
travel time, groundwater depth, and subsoil permeability being
key characteristics that affect groundwater vulnerability within
a location. Taking this and land cover into account, it could be
possible that some arsenic sources are anthropogenic derived,
however arsenic in is more likely to be controlled by the
lithology. Given that a higher proportion of groundwater within
agricultural land use areas contained elevated arsenic, some point
source may exist which may also be the case for cations.
Linking Arsenic Concentrations With
Historic Mining Activities
While the presence of arsenic within groundwaters around
the study area are mainly geogenic in origin, some of the
concentrations may have resulted from past mining activities.
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In the south of the study area (between the Iveragh and
Beara Peninsula) a cluster of elevated groundwater arsenic
occur near metallic mineral locations such as malachite, copper,
chalcopyrite, lead, zinc, silver, and pyrite. Many metallic deposits
were worked in this region such as silver, manganese, iron, and
gold, but it was the copper deposits that generated economic
interest (Pracht and Sleeman, 2002). Copper mineralisation in
this area is hosted in Upper Devonian rocks that underwent
low grade metamorphism during the Variscan Orogeny (Pracht
and Sleeman, 2002). These copper ores are associated with
three distinct styles of mineralisation: (i) low grade stratiform
deposits of disseminated copper-iron and copper sulfides, (ii)
poorly mineralised, quartz-calcite veinlets carrying the same ore
minerals as the disseminated stratiform deposits, and (iii) thick
quartz veinlets containing a more varied mineralogy including
lead, bismuth, molybdenum, arsenic, antimony, and minor gold
phases (Ni wen et al., 1999; Pracht and Sleeman, 2002). In
the West Carbery District, the majority of veins are hosted
within the Toe Head and Old Head Sandstone Formations. One
groundwater monitoring location in the Old Head Sandstone
Formation had elevated arsenic in addition to copper, iron,
and manganese at Rosdohan (Table S16). Other monitoring
locations from this area had low concentrations of copper
(either not-detected or <50 µg L−1) except for one location
to the east. While low concentrations of arsenic were observed,
copper concentrations approached 2,827 µg L−1 (Table S17)
and from this area of Slaheny, copper was extracted from
the Lower Limestone Shales as chalcopyrite and tetrahedrite
(Pracht, 1997). However, the highest concentrations of copper
observed in the study area are present at north of the Iveragh
Peninsula in low-arsenic acidic groundwaters in Killorglin with
a maximum concentration of copper of 15,580 µg L−1 in
addition to zinc concentrations measured at a maximum of
1,990 µg L−1 (Table S18). Historically the Old Red Sandstones
have been known to contain copper mineralisation. However, no
known occurrence of historic mining or copper mineralisation
is present within this location which may warrant further
investigation for geochemical exploration.While no surrounding
locations had elevated copper, a location east of the area had
copper concentrations at 218 µg L−1 (Table S19). The lead
concentrations are low in these locations because generally lead
is insoluble in groundwater.
In relation to the scattered cluster of elevated arsenic in
groundwater in northern Kerry there is no evidence of elevated
levels of copper detected. However, Cole (1922) recorded that the
Geololgical Survey of Ireland (GSI) in 1859 reported a former
mine at Ballinglanna (2 km north of the village of Causeway in
north Kerry; Sleeman and Pracht, 1999). They reported evidence
of lumps of galena in a stream running through the townland
providing historic evidence of metal mineralisation in this area
of elevated arsenic concentrations in groundwater.
Relationship of Other Hydrochemical
Parameters
While arsenic demonstrates weak correlations with other
hydrochemical variables in groundwater across the study
area, moderate correlations are apparent between conductivity,
sodium, calcium, magnesium, and total hardness (and to a
lesser extent potassium). A group of high-high spatial clusters
for conductivity, sodium, calcium, potassium, magnesium,
and total hardness are evident toward the north of Kerry
with low-low spatial clusters observed around the Iveragh
Peninsula. The high-high spatial clusters extend to a lesser
extent for both sodium and magnesium. Interestingly, within
the high-high arsenic spatial cluster the other hydrochemical
parameters are observed as either low-low spatial clusters
or not-significant groups. These hydrochemcial parameters
(conductivity, sodium, potassium, and calcium) also show the
same pattern within rock types, i.e., between Pure Limestone and
Sandstone, Pure Limestone and Sandstone (ORS/NRS), and Pure
Limestone and Sandstone/Shale. For potassium in groundwater
additional differences were apparent within both rock types
Sandstone/Shale and Sandstone (ORS/NRS) which were also
observed for conductivity, potassium, and calcium. As a result,
fewer statistical differences between rock groupings are contained
within total hardness and magnesium when compared to the
larger diversity within conductivity, sodium, potassium, and
calcium. Greatest variations occurred within the rock groups GC,
SHG, VIS, and WA.
Comparison With Other Regions
The national-scale assessment of arsenic in groundwater in
Ireland reported concentrations ranging from <0.2 to 234
µg L−1 (McGrory et al., 2017). Concentrations of arsenic
measured within this study are not grossly elevated as seen
elsewhere globally, especially in south east Asia, but represent
a level of low-to-moderate arsenic exposure. Similarly low
concentrations of arsenic have been observed in European
groundwater (using bottled water as a proxy; Table 5), but at
concentrations higher than what was previously observed for
Ireland. While the arsenic concentrations in this work are low-
to-moderate, they represent the potential for long-term low-
dose arsenic exposure, which can induce chronic health effects
(Moon et al., 2012; Bräuner et al., 2014; Stea et al., 2014; Tsuji
et al., 2014). Generally higher concentrations of cations have
been observed elsewhere in Europe, whereas the concentrations
of iron and manganese found within Kerry represents elevated
concentrations when compared to other regions within Europe
(Table 5). Lower concentrations of manganese were found in
Scottish groundwater which ranged from <3 to 1,900 µg L−1
(Homoncik et al., 2010).
Strengths, Limitations, and
Recommendations for Future Research
The objective of this present work was to understand the controls
and distribution of arsenic and other hydrochemical parameters
within groundwater at a regional-scale. This was accomplished
using an imperfect dataset collected as part of routine monitoring
of groundwater by a local authority. This work is of value for
the data and the results of the interpretation that it contains, but
it is also of value because there are obvious gaps or omissions
in the sampling and analysis which identify the limitations that
Frontiers in Environmental Science | www.frontiersin.org 13 December 2018 | Volume 6 | Article 154
McGrory et al. Arsenic in Groundwater in Ireland
TABLE 5 | Comparison of arsenic within European regions.
Parameter This study Europe (mineral water) Europe (bottled water) Europe (bottled water)—Ireland
Min Max Min Max Min Max Min Max
As (µg L−1) 0.1 66.3 0.012 21.6 <0.03 89.3 0.29 3.52
pH 5.1 10.6 – – 3.95 9.9 5.5 7.55
EC (µS cm−1) 9 2,830 – – 18 26,500 384 730
Fe (µg L−1) <10 24,180 <1 403 <0.5 13,500 0.25 8.75
Mn (µg L−1) <1 9,987 <1 200 <0.11 1,870 0.05 4.52
Na (mg L−1) 0.8 521.2 1.26 1,723 0.4 8,160 11.7 94.2
K (mg L−1) 0.5 148.19 0.254 30.25 <0.1 588 1.4 18.8
Ca (mg L−1) 0.2 493.5 2.61 488 0.43 611 38.1 108
Mg (mg L−1) 0.55 91.5 0.157 215 <0.01 4,010 6.9 22.4
TH (mg L−1) 1 495 – – – – – –
Reference This study Misund et al., 1999 Reimann and Birke, 2010
such a sampling methodology, and suite of analytical parameters,
impose on the interpretation.
However, by harnessing these existing historic
hydrochemistry datasets, this work has demonstrated that
it is cost effective in delineating potential areas of arsenic
contamination in groundwater (and any other contaminants
for that matter). This is especially beneficial where no detailed
studies exist for a region (e.g., Kerry) and can be used as a
basis for developing appropriate detailed investigations. The
methodological approach developed in the present study and by
McGrory et al. (2017) can be utilized in many regions around
the world where such datasets exist. This particularly extends
to Europe where such assessments using existing geochemical
datasets are not harnessed for their potential benefits in
comparison with their adoption in studies in the US (Ayotte
et al., 2003). These techniques cannot replace systematic arsenic
sampling and monitoring strategies but can act as a useful tool in
locating potential areas of arsenic contamination (Bretzler et al.,
2017a).
To determine statistically significant differences between
groundwater hydrochemical parameters and the different
geological, hydrogeological, and land classifications, then some
simplification of these explanatory variables was needed. While
these simplifications resulted in a more robust statistical analysis,
a potential loss of information may have been observed as
a result of this geological simplification (i.e., rock type).
However, by harnessing detailed geological information as
another explanatory variable in this study (e.g., 1:100 k bedrock
geology, rock), some of these limitations can be overcome and
further assist in explaining variations at the local scale. While
more detailed geology of 1:5 K or 1:10K would have greatly
improved the understanding of how the geology potentially
controls arsenic at a local-scale, this type of detailed geology
map was unavailable for this area. A limitation occurs in the
interpretation of the land use data as it must be noted that the
CORINE land cover data is a proxy for land use.
Data within this study has revealed a distinct spatial
occurrence of elevated arsenic occurring in the south of the study
area (Dingle Peninsula and north of the Beara Peninsula). These
localities warrant further detailed groundwater investigations in
order to understand local variations in arsenic hydrochemistry.
The recent national-scale study has shown that there is a presence
of elevated arsenic in the region of the neighboring county,
Cork (McGrory et al., 2017) with soil in this locality containing
elevated arsenic (Fay et al., 2007). Based on findings in the
present study, and previous work (McGrory et al., 2017), the
PPAs, especially with a sandstone lithology, warrant further
investigation for biogeochemical processes involving arsenic.
In other countries, where the bedrock is young (i.e., <60
million years old) and consists of porous, relatively homogenous
stratigraphic units, it would be reasonable to expect that
arsenic concentrations in the groundwater would reflect the
mineralogy of the rock and the geochemical processes taking
place in the rock. It is expected that there would be some
correlation between rock type, geochemical processes, and
arsenic concentrations. This paper demonstrates that attempting
to make this correlation in Kerry, and probably in the rest of
the Ireland, is challenging, because the rocks of Kerry are old
and impermeable, and groundwater does not flow through the
rock itself, but groundwater (often in copious amounts) can flow
through the breaks in the rock. These breaks consist of joints,
fractures, faults, karst solution conduits, and weathered veins.
Therefore, the contact between flowing groundwater and the rock
matrix is on the faces of the breaks in the rock. This contact can
be prolonged or brief.
In addition, this study also demonstrates that it is important
to understand the design and construction of each borehole that
is sampled. Some boreholes in the data set are probably modern
(Figure 2B) where casing and cement grout have been used to
exclude the ingress into the borehole of shallow groundwater
and soil water. Most old or cheaply constructed boreholes do
not exclude the shallow groundwater (Figure 2A). The shallow
water will contain dissolved oxygen and organic acids from
the often-peaty soils. Samples from these older, inexpensive
boreholes will contain a blend of shallow groundwater, and
deeper groundwater with a different Redox potential, age, pH,
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and chemical composition. The paper shows that it is important
to fully understand the design and hydraulic characteristics of
each borehole used as a sampling point to interpret the results.
This understanding of each borehole takes time, but without it, it
will be difficult to interpret anomalous data.
CONCLUSIONS
Within this regional-scale study area there is a relationship
between arsenic and lithology (i.e., Sandstone/Shale (ORS/NRS)
and Sandstone/Shale) which may indicate that the underlying
rock is a strong predictor of arsenic in groundwater. However,
more targeted studies are required to confirm this and further
understand local-scale variations. Whilst the variation of trace
elements like arsenic, manganese, and to some extent, iron
are constrained within a small number of lithology groupings,
the distribution of the major cations (sodium, potassium,
calcium, magnesium, and total hardness) in addition to electrical
conductivity exhibit a greater variation. This study has used an
approach which integrated geological and hydrogeological data
in order to reveal potential lithological controls of arsenic and
other parameters in groundwater which will be of interest to
researchers other regions. With the growing body of secondary
groundwater datasets being generated in Europe and elsewhere,
the methods presented here will be of interest on how to
utilize an imperfect dataset. This study demonstrates that
groundwater geochemistry at the regional-scale can identify
metal ion anomalies which can be used to assist in future
mineral exploration, as well as guiding future development and
sustainability of good quality water resources.
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